Autism is a set of neurodevelopmental conditions with a complex genetic basis. Previous induced pluripotent stem cell (iPSC) studies with autistic individuals having macroencephaly have revealed atypical neuronal proliferation and GABA/glutamate imbalance, the latter also being observed in magnetic resonance spectroscopy (MRS) studies. Functional genomics of autism post mortem brain tissue has identified convergent gene expression networks. However, it is not clear whether the established autism phenotypes are observed in the wider autism spectrum. It also not known whether autism-associated in vivo gene expression patterns are recapitulated during in vitro neural differentiation. To examine this we have generated induced pluripotent stem cells (iPSCs) from a cohort of autistic individuals with heterogeneous backgrounds, which were differentiated into early and late neural precursors, and early neural cells using an in vitro model of cortical neurogenesis. We observed atypical neural differentiation of autism iPSCs compared with controls, and dynamic imbalance in GABA/glutamate cell populations over time. RNA-sequencing identified altered gene coexpression networks associated with neural maturation and GABA/glutamate imbalance, and these pathways correlated with pathways in post-mortem brains. Autism neural cells also recapitulated autism post mortem immune pathways, and found CD44, an autism-associated gene, to be predicted as a highly connected gene. In conclusion, our study demonstrates significant differences in neural differentiation between autism and control iPSCs including GABA/glutamate precursor imbalance, and significant preservation of atypical autismassociated gene networks observed in other model systems.
Introduction
Autism spectrum conditions (henceforth autism) are neurodevelopmental in nature, with a heterogeneous genetic background [1] [2] [3] . Autism is diagnosed on the basis of impaired socialcommunication, alongside unusually narrow and repetitive interests and activities 4 . The primary sensory cortex, association and frontal cortex, and parietal-occipital circuits 5, 6 , as well as the medial prefrontal cortex, superior temporal sulcus, temporoparietal junction, amygdala, and fusiform gyrus 7, 8 have been shown to be affected in autism. Based on clinical criteria, autism is typically classified into syndromic and non-syndromic forms. Individuals carrying single gene mutations, copy number variations and/or chromosomal abnormalities, in addition to an autism diagnosis are usually classified as 'syndromic' 9 . Non-syndromic autism is characterized by individuals with a primary diagnosis of autism that is not associated with a mutation in a well-known genetic variant 9 . Exome sequencing studies and analysis of copy number variation have revealed hundreds of rare genomic mutations associated with nonsyndromic autism 3, 10 . It is difficult to ascertain cellular and molecular mechanisms based solely on the varied genetic mutations found to be associated with autism. However, RNA sequencing of autism post mortem brains has revealed a greater convergence of cellular and molecular mechanisms such as altered synaptogenesis and immune activity associated with the condition 11, 12 . Post mortem brain tissue, however, is a scarce resource and RNA integrity may be susceptible to confounding factors such as anoxic-ischemic changes based on cause of death and post mortem interval 13 . Conditions of storage is also known to have a bearing on RNA integrity 14 . More confounding factors may be introduced in brains of donors with a history of illnesses, seizures and substance abuse 15 . In addition, studying post-mortem brains primarily obtained from adults does not provide any insight into developmental events associated with autism. There is also considerable ethical dilemma associated with human organ donation for research 14 . To tackle these challenges, there has been a shift towards development of induced pluripotent stem cell (iPSC) models of autism, by reprogramming iPSCs from somatic cells such as skin fibroblasts or hair follicle keratinocytes, then differentiating them into neural cells 16, 17 .
Studies using both 2D and 3D iPSC-cultures derived from autistic individuals with macrocephaly, have demonstrated atypical neural differentiation and increased cell proliferation of neural precursor cells (NPCs), and also an imbalance in excitatory (glutamateproducing) and inhibitory (GABA-producing) receptor activity 18, 19 , and these cellular effects were found to correlate with enlarged brain size of participants. These observations strengthen the hypothesis that iPSC-based systems can recapitulate cellular phenotypes relevant for disease 18 . In 3D iPSC cultures derived from autistic individuals with macrocephaly, an overproduction of GABAergic neurons has been observed 19 , while in the 2D cultures, alterations in excitatory/inhibitory (E/I) neural networks suggest decreased glutamatergic excitation 18 . Critically, there is increasing evidence from magnetic resonance spectroscopy (MRS) studies of autistic individuals, of abnormalities in levels of excitatory glutamate and inhibitory GABA metabolites 20, 21 . These reports appear to demonstrate a common trend consistent across various model systems, of a reduction of glutamate signalling versus GABA signalling 18, 19, 21 . This also opposes an existing hypothesis of GABA/glutamate signalling, which suggested increased glutamate signalling 22 , but which was based on the co-occurrence of epilepsy in autism. However, most autistic individuals do not have seizures 23 , and epilepsy cannot be explained as a simple consequence of glutamate overproduction. Imbalances in GABA-glutamate neuron markers have also been observed in autism post mortem brains 11, 24 .
Two major neuronal phenotypes have been associated with autism so far, (1) atypical neural differentiation and cell proliferation, and (2) excitatory/inhibitory imbalances in neurons, and post mortem brain RNA sequencing studies have revealed a third non-neuronal phenotypean unusually high enrichment of immune pathways. However, not much is known about the mechanisms that underlie the emergence of these three cellular phenotypes.
In this study, we have generated neural cells of a cortical lineage from iPSCs generated from individuals with autism taking advantage of the ability of iPSCs to phenotypically recapitulate in vivo developmental processes 25 . We hypothesised that: (1) autism and control iPSC-derived neural precursors would show developmental differences, (2) there would be an imbalance in precursor pools destined towards glutamatergic vs GABAergic fate, (3) gene networks in autism iPSC-derived neural cells would mimic autism-associated gene networks identified in post mortem brain, and (4) there would be greater prevalence of nonneuronal/immune pathways in autism. Using a cortical neuron differentiation method, we differentiated iPSCs from our cohort into precursors and neural cells, and found that precursor cells from autism showed a significant delay in expression of neuronal markers. More importantly, we found a dynamic imbalance in GABA/glutamate fate of neural cells from autism iPSCs. We also found autism iPSC-derived neural cells to be enriched for gene networks previously identified in autism post mortem brains, some of which suggested atypical developmental pathways, excitatory/inhibitory imbalance, and immune-related pathways. In our pathway analyses, we also found CD44 to be a highly connected gene in autism associated with the immune system, and higher expression of CD44 in autism neural cells compared to control neural cells.
Study participants, Materials and Methods
Induced pluripotent stem cells iPSCs (2 clones from each individual) were produced using keratinocytes from plucked hair follicles, from 9 autistic individualsincluding six non-syndromic autistic individuals, one individual with 3p deletion syndrome and two autistic individuals with a mutation in the NRXN1 gene, and 3 typically developing individuals 26 (see extended experimental procedures). All autistic individuals had a primary diagnosis of autism. For clinical diagnosis of autistic individuals included in our RNA-sequencing based gene network analyses, see Table   S1 . Participants were recruited for this study under approval by NHS Research Ethics Committee (REC No 13/LO/1218); informed consent and methods were carried out in accordance to REC No 13/LO/1218.
Neuronal differentiation
We differentiated iPSC lines into cortical neurons using a well-established method based on dual SMAD inhibition; this results in the recapitulation of key hallmarks of corticogenesis and the generation of cortical neurons 25, 27 . iPSCs were differentiated till early neuron stageday 35 ( Figure 1A ) (see extended experimental procedures).
Immunocytochemistry
Cortical differentiation of autism and control iPSCs were characterised using immunocytochemistry. iPSCs were differentiated till day 8, day 21 and day 35 and tagged with antibodies of appropriate markers associated with each developmental stage (see extended experimental procedures). Nuclei were stained using DAPI, and imaging was performed using a 40× objective on a Lecia SP5 confocal microscope ( Figure 1B) . High throughput imaging was performed at day 8, day 21 and day 35 of cortical differentiation on the Opera Phenix High-Content Screening System (Perkin Elmer), and cell type quantification was performed using the Harmony High Content Imaging and Analysis Software (Perkin Elmer).
Statistics
Quantification was performed using the Harmony High Content Imaging and Analysis Software (Perkin Elmer). Percentage of cells positive for desired marker versus total number of live cells (stained by DAPI) was calculated for every line and every stage. Independent 2group t-test was used to check if there was significant difference between autism and control (p-value ≤ 0.05). A linear model fit was used to look at trajectory of marker expression from day 8 to day 35. All statistical analysis was performed on R software.
RNA-sequencing
Starting with 500ng of total RNA, poly(A) containing mRNA was purified and libraries were prepared using TruSeq Stranded mRNA kit (Illumina). Unstranded libraries with a mean fragment size of 150bp (range 100-300bp) were constructed, and underwent 50bp single ended sequencing on an Illumina HiSeq 2500 machine. Reads were mapped to the human genome GRCh37.75 (UCSC version hg19) using STAR: RNA-seq aligner 28 . Quality control was performed using Picard tools (Broad Institute) and QoRTs 29 . Gene expression levels were quantified using an union exon model with HTSeq 30 .
Differential gene expression (DGE)
DGE analysis was performed using R statistical packages 31 with gene expression levels adjusted for gene length, library size, and G+C content (henceforth referred to as "Normalized FPKM"). A linear mixed effects model framework was used to assess differential expression in log2(Normalized FPKM). Autism diagnosis was treated as a fixed effect, while also using technical covariates accounting for RNA quality, library preparation, and batch effects as fixed effects in this model.
Weighted gene coexpression network analysis
The R package weighted gene coexpression network analysis (WGCNA) 32 was used to construct coexpression networks as previously shown 11 . Biweight midcorrelation was used to assess correlations between log2(Normalized FPKM). For module-trait analysis, 1 st principal component of each module (eigengene) was related to an autism diagnosis in a linear mixed effects framework as above, replacing the expression values of each gene with the eigengene.
Gene sets
A SFARI autism associated gene set was compiled using the online SFARI gene database, AutDB, using "Gene Score" as shown previously 11 . We obtained dev_asdM2, dev_asdM3, dev_asdM13, dev_asdM16 and dev_asdM17 modules from an independent transcriptome analysis study using RNA-sequencing data from post mortem early developing brains 11 .
Modules asdM12 and asdM16 were obtained from an autism post mortem gene expression study 12 . We obtained another three autism-associated modules: ACP_asdM5, dev_asdM13, ACP_asdM14 from an independent gene expression study profiling dysregulated cortical patterning genes in autism post mortem brain 24 . All three studies used WGCNA to identify modules of dysregulated genes in autism.
Gene set overrepresentation analysis
Enrichment analyses were performed either with logistic regression (all enrichments analyses in Figures 5A, 6B , 6C, S3B) or Fisher's exact test (cell type enrichment, Figure 5B ). All GO enrichment analysis to characterize gene modules was performed using GO Elite 33 with 10,000 permutations. Molecular function and biological process terms were used for display purposes.
Protein-protein interaction analysis
Protein-protein interactions (PPI) of enriched modules were studied using DAPPLE web resource (http://www.broadinstitute.org/mpg/dapple/dappleTMP.php) which looks for connectivity between genes using a large protein-protein interaction (PPI) network. To enable a robust evaluation of genes significantly connected to each other via protein-protein interactions, degree matched permutations were applied, which were controlled for biological and methodological biases in PPI databases used in this analysis 34 .
Results

Cortical differentiation in autism iPSC lines diverge from typical development from an early precursor cell stage
Nine autistic individuals and three healthy individuals participated in this study, from whom we generated a total of 12 autism iPSC lines and 6 control iPSC lines. Of the nine autistic participants, eight were male, with one female. Six were diagnosed as having non-syndromic autism, while three were diagnosed with syndromic autism. Two non-syndromic participants had deletion type CNVs in the 1p21.3 and 8q21.12 regions respectively, with DYPD and PTBP2 being autism-associated genes affected in the former, while the latter also having a deletion in the AXL gene ( Supplementary Table S2 ). We also detected a stop-gain mutation in the SHANK3 gene of another non-syndromic participant from exome analysis ( Supplementary Table S2 ). Of the three syndromic participants, two syndromic participants had deletion type CNVs in the 2p16.3 region, in both affecting the NRXN1 gene, a wellestablished autism-associated gene, while the third had 3p deletion syndrome ( Supplementary   Table S2 ). Keratinocytes were extracted from hair follicles from the participants, and reprogrammed into iPSCs using the Yamanaka factors 35 . As autism is known to affect several regions of the cerebral cortex [5] [6] [7] [8] , the iPSC lines were differentiated into neural cells of a cortical lineage using a previously described method 25, 27 . Three developmental stages were specifically studied ( Figure 1A) : (1) Day 8: early neural precursors, (2) Day 21: late neural precursors, (3) Day 35: cortical neural cells. Both control and autistic iPSCs efficiently differentiated using this method, producing neural cell expressing cellular markers and exhibiting cellular morphologies typical for each stage of corticogenesis ( Figure 1B) .
Genomic characteristics of the autistic participants being heterogeneous, we first investigated basic neuronal differentiation markers in the autism and control iPSCs. Based on previous studies from independent cohorts 16, 18, 19 , we hypothesised that irrespective of genomic backgrounds, autism iPSCs would demonstrate developmental differences compared to control iPSCs. To this end, we examined the developmental expression profile of Pax6 and Tuj1 in neural precursors in autistic and control iPSCs (Figure 2A -C, Table 1 ). Pax6 is a commonly used marker for identifying neural precursors of cortical lineage 36 , while Tuj1 is a robust panneuronal and precursor marker 37 . As anticipated, control precursor cells on day 8 were highly positive for Pax6 (Pax6 Control: 93.54545%) and Tuj1 (Tuj1 Control: 65.17584%), and on day 21 both markers remained highly expressed (Pax6; Control: 86.66410%, Tuj1; Control: 68.68563%). (Figure 2A and B) . However, in day 8 autism precursor cells, Pax6 and Tuj1 levels were significantly lower when compared to controls (Pax6; Control: 93.54545%, Autism: 33.88251%; p=4×10 -59 . Tuj1; Control: 65.17584%, Autism: 19.87218%; p=1×10 -13 ) (Figure 2A and B) . Remarkably, when we examined Pax6 and Tuj1 positive cells at day 21, we found that the number of autism precursor cells positive for both markers had increased to a level similar to that seen in control precursors. Interestingly, Pax6 levels still remained lower in autism line, but no significant differences in Tuj1 levels between autism and controls were observed (Pax6; Control: 86.66410%, Autism: 71.94075%; p=4×10 -7 . Tuj1; Control:
68.68563%, Autism: 64.00949%; p=0.3) (Figure 2A-C) . These data showed atypical neurodevelopmental, possibly developmental delay, during neural differentiation in autism iPSCs compared to controls. A heterogeneous genomic background did not seem to appreciably affect this phenotype.
Having established atypical neural differentiation in autism iPSCs, we also found evidence of an E/I imbalance phenotype during neural differentiation. Excitatory and inhibitory neurons are known to originate from different neuroectodermal lineages 38, 39 . We hypothesised that E/I imbalance, being an important cellular phenotype of autism, might be a result of atypical cell fate specification during neural differentiation. We tested this by observing the development of forebrain excitatory versus inhibitory precursors during neural differentiation. We undertook a time-dependant study of Emx1 and Gad67 expression in neural precursors at day 8 and day 21, and neural cells at day 35 of differentiation ( Figure 3A -D, Table 1 ). Emx1 is a marker for dorsal telencephalon excitatory neurons and their precursors [39] [40] [41] , while Gad67 is the rate limiting enzyme in the GABA synthesis pathway and a marker for inhibitory neurons and their precursors 42, 43 . At day 8, Emx1 appears to be expressed in majority of controls as well as autism precursors, although Emx1 expression was significantly higher in control than in autism lines (Emx1; Control: 95.69082%, Autism: 79.65836%; p=4×10 -11 ) (Figure 3B, C) . At day 21, Emx1 expression in control precursors appears to slightly reduce compared to day 8, while Emx1 expression in autism precursors appears to remain the same. At this stage both control and autism precursors expressing Emx1 were similar, although expression was significantly higher in control precursors (Emx1; Control: 88.5446%, Autism: 80.8861%; p=0.003) ( Figure   3B , C). At day 35, the Emx1 expression in both control and autism neural cells was reduced compared to day 8 and day 21 precursors, however the reduction was significantly more acute in autism neural cells than in the control neural cells (Emx1; Control: 65.83102%, Autism: 50.35212%; p=0.01) (Figure 3B Although neural cells at day 35 indicated higher Gad67 expression in autism than controls, it was interesting to note that at day 8, it was the opposite when control precursors showed higher Gad67 expression than autism precursors. This strongly indicates that atypical neuronal cell fate specification may contribute to the pathophysiology of autism. To our knowledge this is the first time that neural differentiation and the GABA/glutamate phenotype has been investigated at an early precursor stage of development, and therefore, gives us a better insight into the developmental origins of cellular phenotypes associated with autism.
Atypical neurodevelopmental and immune pathways revealed in autism iPSC neural cells
Based on our cellular analyses, we established (1) a developmental delay during neural differentiation, (2) a dynamic GABA/glutamate imbalance, associated with autism. However, there has been criticism of the induced pluripotent stem cell technology, one of the arguments against it being insufficient recapitulation of in vivo and adult cellular phenotypes 44 , thus, making it unsuitable for studying many neuropsychiatric conditions. There has also been criticism of the study of non-syndromic autism using an iPSC model system 45 , and the presence of a heterogeneous genetic background in non-syndromic autism has been speculated to likely introduce confounds. However, as autism is a neurodevelopmental condition, the iPSC method is more suited as a model system to look at gene pathways and cellular phenotypes at the earliest stages of neural differentiation. Also, the cortical differentiation method that we used in this study has been shown to robustly produce forebrain neural cells which are most affected in autism. Therefore, we looked to extend our findings, by using RNA-sequencing, and sought to develop a bioinformatics pipelinebased on established methods (Figure 4A) , to investigate gene pathway information in studies with small autism iPSC cohorts. We hypothesised that:
(1) autism neural cells from our cohort would recapitulate the autism gene pathways discovered in post-mortem brain tissue, (2) developmental gene pathways observed in similarly designed autism iPSC studies as ours, would be preserved.
To test this, we performed RNA-sequencing on neural cells from control and autism iPSCs, and based on transcriptome levels and differential gene expression, the control and autism samples were explicitly separated into two distinct clusters (Figure 4B, Supplementary   Figure S6C ). To reveal gene expression pathways enriched in autism iPSCs, we undertook signed weighted gene coexpression network analysis (WGCNA) and identified 11 coexpression modules significantly correlated to autism (labelled according to R-assigned colours, e.g., salmon, Figure 4C ). We ranked the modules according to their module eigengene values (ME, the first principal component of the module) (Figure 4D, Supplementary Figure   S1 ). Of the 11 modules, 5 modules were positively correlated in autism neural cells, while 6 modules were negatively correlated in autism neural cells. The modules were assigned consensus functions based on gene ontology (GO) terms. The top 3 positively correlated modules having higher MEs in autism -'steelblue' (Cellular Metabolic Processes), 'lightgreen' (Neural Development) and 'white' (Immune Activation), and the top 3 negatively correlated modules having lower MEs in autism -'grey60' (Epigenetic Regulation), 'salmon' (Gene Regulation) and 'sienna3' (Chromosome Organisation) (Figure 4C, D) , were also functionally most significant.
Of the positively correlated modules ( Figure 4E ), the 'steelblue' module was enriched for GO terms for metabolic functions associated with atypical cell proliferation (Figure 4G) . The 'lightgreen' module was enriched for GO terms including regulation of cell-cell adhesion, cognition, calcium mediated signalling and regulation of dendrite maturation associated with neural development. One of the most interconnected genes of this module (also known as 'hub gene', based on correlation to ME) and also an autism associated gene was GABRA4a subunit of the inhibitory GABA-A receptor 46 (Figure 4H) . The 'white' module was enriched for cytokine binding, regulation of DNA damage response, positive regulation of apoptosis and negative regulation of neuronal death (Figure 4I) . Of the negatively correlated modules (Figure 4F) , the 'salmon' module was enriched for RNA methyltransferase activity, epigenetic regulation of gene expression and s-adenosylmethionine-dependant methyltransferase activity ( Figure 4J) . The 'sienna3' module was enriched for nucleic acid binding, regulation of RNA metabolic process and regulation of gene expression (Figure 4K) , while the 'grey60' module was enriched for regulation of histone H3-K4 methylation, DNA binding and chromosome organisation (Figure 4L) . HTR7 ('salmon' module), ROBO1 ('sienna3' module) and SLITRK5 ('salmon' module) were autism-associated i genes enriched in negatively correlated modules in this study, suggesting a causal link between their dysregulated expression and autism. In addition, we performed protein-protein interaction (PPI) analysis of our gene modules and identified CD44an autism associated gene, as a highly interconnected gene in the positively correlated 'white' (immune activation) module (Figure 5A) . Incidentally, we found higher levels of day 35 autism neural cells expressing CD44 than controls, while there was negligible CD44 expression in control neural cells as would be expected at this stage of differentiation (CD44; control: 0.3000217%, autism: 10.1067822%; p=5×10 -14 ) (Supplementary Figure   S1E, F) . We used TBR1 expression as a control as day 35 neural cells are generally mostly early neurons expressing TBR1; no differences in cells expressing TBR1 were seen between control and autism neural cells (TBR1; control: 62.46833%, autism: 50.07018%; p=0.053) ( Supplementary Figure S1E, F) .
Autism post-mortem gene expression networks are highly enriched in autism iPSC neural cells
Next, we tested preservation of previously reported gene sets associated with autism and expression networks from similarly designed autism post mortem brain studies, in gene networks from our iPSC neural cells. First, we used a set of 155 autism associated candidate genes from a previous study 11 using the Simons Foundation Autism Research Initiative (SFARI) database to identify load of high impact autism associated genes in our gene modules. The SFARI list of autism genes is a database of genes collated according to the type of genetic variations from whole genome sequencing studies, rare genetic mutations and mutations causing syndromic forms of autism. It was first published in 2009 47 and an up-to-date reference for all known associated genes can be found at: https://gene.sfari.org/autdb/HG_Home.do. We mapped the SFARI autism associated genes with our gene networks, and found the SFARI genes to be enriched in the negatively correlated 'salmon' module (p=0.002; odds ratio [OR] = 1.5) (Figure 5B) . This suggested downregulation of SFARI genes in our autism iPSCderived neural cells. We then mapped 5 autism-associated developmental gene modules dysregulated in post mortem brains (APMB), from Parikshak et al., (2013) (dev_asdM2, dev_asdM3, dev_asdM13, dev_asdM16, dev_asdM17) 11 , shown in Figure 5B . Of these 5 sets, dev_asdM2 and dev_asdM3 represent DNA-binding and transcriptional regulation and were downregulated in autism, while dev_asdM13, dev_asdM16 and dev_asdM17 represent later phase neuronal functions and development of synaptic structure, and were upregulated in autism. The dev_asdM2 set was enriched in the top downregulated genes ('Top -ve DE', p = 2×10 -4 ; OR = 1.8), as well as the 'grey60' (p = 0.004; OR = 1.6) and the 'sienna3' (p = 10 -5 ; OR = 2) modules. The dev_asdM3 set is enriched in the top downregulated genes ('Top -ve DE', p = 0.008; OR = 1.5), and the 'grey60' (p = 3×10 -14 ; OR = 2.5) and 'sienna3' (p = 4×10 -4 ; OR = 1.7) modules. The dev_asdM13 set is enriched in the top upregulated genes ('Top +ve DE', p = 10 -6 ; OR = 2.1), and the 'lightgreen' (p = 3×10 -9 ; OR = 3.1) and 'white' (p = 10 -6 ; OR = 2.3) modules. The dev_asdM16 set is enriched in the 'lightgreen' module (p = 10 -4 ; OR = 2.6), and, the dev_asdM17 set is enriched in the top upregulated genes ('Top +ve DE', p = 0.002; OR = 1.7) and the 'lightgreen' module (p = 0.002; OR = 1.9). We then mapped two gene modules known to be upregulated in the temporal and frontal cortex of the adult autism brain -APMB_asdM12 (a synaptic function module) and APMB_asdM16 (an immune module) from Voineagu et al., (2011) 12 (Figure 5B) . The APMB_asdM12 module was enriched in the 'white' module (p = 0.04; OR = 1.8), while the APMB_asdM16 was enriched in the top upregulated genes ('Top +ve DE', p = 5×10 -6 ; OR = 2.6) and the 'white' module (p = 6×10 -5 ; OR = 2.7) (Figure 5B) . Gene sets associated with attenuated cortical patterning or ACP 24 were also mapped ( Figure 5B) , and suggested greater prediction of ACP in autism iPSC neural cells.
Neural development and immune activity were two major autism associated cellular pathways that we found to be dysregulated in autism iPSC neural cells from our cohort. Gene expression networks between iPSC neural cells and post mortem brains were also highly preserved as enrichment of positively correlated and negatively correlated modules were mutually exclusive in our analysis (Figure 5B) .
Gene expression networks from independent autism iPSC studies are moderately preserved in our autism iPSC neural cells
Gene networks identified in two previous autism iPSC studies 18, 19 were then mapped with gene networks in this study. As both studies used neural cells and tissue derived through differentiation of iPSCs, which were similarly designed as our study, we hypothesized that gene modules identified in them would be preserved in equivalent gene modules identified in our study (Figure 5C) . The 'white', 'sienna3', 'grey60', 'lightgreen' and 'salmon' modules were moderately well preserved in the Mariani et al 2015 study using iPSC-derived cerebral organoids ('minibrains') (2 < Zsummary < 10; p < 0.05) (Fig 3b) . While, the 'steelblue', 'lightgreen', 'salmon' and 'sienna3' were moderately preserved in the Marchetto et al 2016 study which used iPSC-derived neural precursors (2 < Zsummary < 10; p < 0.05). Preservation of gene modules with both iPSC studies strongly suggested convergent autism-associated gene networks in iPSC derived neural tissue.
Discussion
iPSCs can be differentiated into cortical neural cells and 3D tissue using methods that mimic corticogenesis, thus making it a powerful tool to study neurodevelopmental conditions. However there have been criticisms of using iPSCs to study autism due to the genetic heterogeneity of the condition. Nevertheless, studies using both iPSC neural cells as well as cerebral organoids from independent cohorts have demonstrated convergent cellular phenotypes relevant for the condition 18, 19 . Evidence of defects in neural development as well as a GABA/glutamate imbalance have been established as critical cellular phenotypes associated with autism. These phenotypes have also been observed in RNA-sequencing data from autism post mortem brains 11, 12 , and GABA/glutamate imbalance has been consistently observed in MRS studies of autistic individuals 20, 21 . Interestingly, iPSC studies report a reduction of glutamate signalling versus GABA signalling, which was also true in the MRS studies [18] [19] [20] [21] . In this study, we had access to autistic individuals with a wide spectrum of clinical symptoms. This provided us a unique opportunity to test the hypothesis that the spectrum of autistic behavioural traits may be associated with convergent cellular traits, and thus a common developmental origin. We hypothesised that: (1) autism and control iPSC-derived neural precursors would show developmental differences, (2) there would be an imbalance in precursor pools destined towards glutamatergic vs GABAergic fate, (3) gene networks in autism iPSC-derived neural cells would mimic autism-associated gene networks identified in post mortem brain, and (4) there would be greater prevalence of non-neuronal/immune pathways in autism.
Despite a heterogeneous cohort of autistic individuals, we found significant delay in appearance of Pax6 and Tuj1 in early neural precursors from autism iPSC cohort. This demonstrated developmental differences associated with autisma phenotype that is well established using different model systems and post mortem brains. Interestingly, in our study this was manifested in the form of developmental delay during early neurogenesis of autism iPSCs. This delay, however was not as apparent in the late neural precursor cells, during which autism precursors appear to be expressing these neuron developmental markers at a similar level as in the controls. In support of the GABA/glutamate imbalance theory, we found fewer day 35 autism neural cells expressing EMX1, a forebrain excitatory precursor and neuron marker, compared to neural cells from control lines. Conversely, more day 35 autism neural cells expressed Gad67, a marker for inhibitory precursors and neurons, compared to control neural cells. This was consistent with the prevalent GABA/glutamate or E/I imbalance phenotype observed in many autism studies [18] [19] [20] [21] . However, at day 8 we observed the opposite phenotype, with more excitatory precursors and fewer inhibitory precursors in autism than controls, contrary to that observed at day 35. This suggested neuroectoderm cell fate specification abnormalities in autism iPSCs during early development.
First major criticism of the iPSC method has been whether iPSCs can recapitulate in vivo phenotypes and thus be a suitable cellular model for human diseases. However, we found enrichment of adult autism associated gene expression pathways in our autism iPSC neural cells. Synaptic function, vesicular transport, and neuronal projection, as well as, immune and inflammatory responses were adult autism pathways enriched in autism iPSC neural cells.
There was also enrichment of gene pathways associated with attenuated cortical patterning (ACP), which suggests that typical patterns of transcriptional differences between different brain regions may be reduced in autism 24 . There was nevertheless considerable enrichment of autism-associated developmental pathways such as those involving synaptic plasticity, synaptic structure, and synaptic maturation genes. The second criticism of the iPSC method is with regards to its use in the study of a complex neuropsychiatric conditions with a heterogeneous genetic background, such as autism. However, upon further investigation we found high to moderate preservation of our gene modules identified with gene modules identified in independent autism iPSC studies using unrelated cohorts of participants 18, 19 . Both these aforementioned studies were designed slightly differently, with one differentiating autism iPSCs into neural precursors while the other differentiating them into cerebral organoids, and although the aim of both studies was to look at autism neural differentiation, different differentiation protocols can activate slightly different transcriptional pathways based on the chemical composition of growth media and factors they are exposed to. Be that as it may, it was still intriguing to observe strong enrichment of our gene expression pathways in autism post mortem brains as well as autism iPSC studies, thus providing validation of the iPSC system as suitable means to model a neurodevelopmental condition such as autism. In addition, atypical neural differentiation in autism was demonstrated by unusually high number of CD44 expressing cells at day 35, a gene that we also predicted to have a high number of proteinprotein interactions in our autism cohort.
There has been a suggestion that the Wnt signalling pathway is dysregulated in autism, and that might be responsible for atypical proliferation of precursors in autism iPSCs 18 . Future studies will reveal if stabilising the Wnt pathway at an early stage of differentiation can recover some of the proliferative phenotypes and consequently salvage the autism-associated forebrain precursor fates and GABA/glutamate identities observed in our study. One possibility is that the proliferation and differentiation abnormalities detected in previous studies linked with certain specific comorbidities of autism such as macroencephaly 18, 19 , is prevalent throughout the autism spectrum, and is more a result of atypical precursor cell fate determination at early neuroectodermal stages of brain development. Further studies on the nature of neuroectodermal cell fates in autism can explain the two major cellular phenotypes illustrated in this study, and provide basis for exploration of therapeutic interventions.
In summary, we undertook cellular and gene expression studies on iPSCs generated from our heterogeneous cohort of autistic individuals to test primarily two prevalent hypotheses associated with the condition: (1) developmental differences in autism neurons, (2) imbalance in GABA/glutamate. We differentiated iPSCs into neural precursors and neural cells and found that autism neural precursors demonstrate atypical neural differentiation, while both neural precursors as well as neural cells showed a dynamic GABA/glutamate cellular fate. We also discovered an immune component in our autism neural cells which was consistent with immune response pathways previously observed in autism post mortem brains. Our data supports the hypothesis that proliferation/differentiation abnormalities might be leading to these cellular phenotypes, and we further believe this might not be restricted to individuals demonstrating macroencephaly, but prevalent throughout the autism spectrum, due to the atypical differentiation of the neuroectoderm during early stages of brain development.
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